Plant sap-feeding insects and blood-feeding parasites are frequently depleted in 15 N relative to their diet. Unfortunately, most fluid-feeder/host nitrogen stable-isotope studies simply report stable-isotope signatures, but few attempt to elucidate the mechanism of isotopic trophic depletion. Here we address this deficit by investigating the nitrogen stable-isotope dynamics of a fluidfeeding herbivore-host plant system: the green peach aphid, Myzus persicae, feeding on multiple brassicaceous host plants. N values. Consistent with our hypothesis, nitrate reductase activity in colonized plants was twice that of uncolonized plants. This study offers two important insights that are likely applicable to understanding nitrogen dynamics in fluid-feeder/host systems. First, isotopic separation of aphid and host depends on nitrogen availability. Second, aphid colonization alters host nitrogen metabolism and subsequently host nitrogen stable-isotope signature. Notably, this work establishes a metabolic framework for future hypothesis-driven studies focused on aphid manipulation of host nitrogen metabolism.
Plant sap-feeding insects and blood-feeding parasites are frequently depleted in 15 N relative to their diet. Unfortunately, most fluid-feeder/host nitrogen stable-isotope studies simply report stable-isotope signatures, but few attempt to elucidate the mechanism of isotopic trophic depletion. Here we address this deficit by investigating the nitrogen stable-isotope dynamics of a fluidfeeding herbivore-host plant system: the green peach aphid, Myzus persicae, feeding on multiple brassicaceous host plants. M. persicae was consistently more than 6‰ depleted in 15 N relative to their hosts, although aphid colonized plants were 1.5‰ to 2.0‰ enriched in 15 N relative to uncolonized control plants. Isotopic depletion of aphids relative to hosts was strongly related to host nitrogen content. We tested whether the concomitant aphid 15 N depletion and host 15 N enrichment was coupled by isotopic mass balance and determined that aphid 15 N depletion and host 15 N enrichment are uncoupled processes. We hypothesized that colonized plants would have higher nitrate reductase activity than uncolonized plants because previous studies had demonstrated that high nitrate reductase activity under substrate-limiting conditions can result in increased plant δ
15
N values. Consistent with our hypothesis, nitrate reductase activity in colonized plants was twice that of uncolonized plants. This study offers two important insights that are likely applicable to understanding nitrogen dynamics in fluid-feeder/host systems. First, isotopic separation of aphid and host depends on nitrogen availability. Second, aphid colonization alters host nitrogen metabolism and subsequently host nitrogen stable-isotope signature. Notably, this work establishes a metabolic framework for future hypothesis-driven studies focused on aphid manipulation of host nitrogen metabolism.
host-parasite interaction | nitrogen budget | plant-herbivore interaction | trophic enrichment N itrogen, required for the synthesis of nucleic and amino acids, is essential for development and growth. Found in the atmosphere, soil, and oceans in inorganic forms (1) , animals depend on plants and microorganisms for nitrogen fixation and organic nitrogen supply in the form of proteins and amino acids. Universally, metabolic fractionation during nitrogen fixation, assimilation, respiration, and excretion results in differences in the ratio of nitrogen stable isotopes in different tissues within organisms (2) and at different levels within ecosystems (3). Typically, consumers are enriched in 15 N by ∼2‰ to 3‰ relative to their diet (2, 4, 5) . However, important exceptions exist. Fluidfeeders, a group that includes blood-feeding parasites and hempiteran insects (2), frequently have been found to deviate from these typical patterns such that fluid-feeders are usually reported as showing no enrichment or even depletion in 15 N relative to their diet (2, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Although it is now commonly accepted that fluid-feeders deviate from typical patterns of enrichment, these observations have stimulated considerable speculation (2, 14, 18) but little, if any, research targeted at explaining the mechanistic basis of such atypical patterns of nitrogen enrichment.
Here we elucidate some factors contributing to atypical patterns of nitrogen isotopic enrichment in fluid-feeder/host systems by examining experimentally the interaction of an aphid and its hosts in a metabolic context. Aphids are fluid-feeding plant herbivores that, facilitated by an ancient and obligate symbiosis with the γ-proteobacteria Buchnera aphidicola, feed exclusively on phloem sap (19) . In aerobic environments, host plants that do not form nitrogen-fixing associations uptake nitrogen mostly in the form of nitrate (NO 3 − ) (20) and process it into amino acids through a series of conserved metabolic pathways (Fig. 1) . Although the C:N ratio of phloem sap is similar to that of the diets of other insects that show typical patterns of isotopic enrichment (21, 22) , the nitrogen profile of phloem sap is unbalanced and deficient in essential amino acids (23) so that aphids are nutritionally dependent on Buchnera (19, 24) . Movement of nitrogen in this fluid-feeder/host system mostly occurs up the food chain, but some nitrogen, in the form of aphid-derived proteins delivered in watery saliva during aphid feeding, moves in the reverse direction, from fluid-feeder back to host (e.g., refs. [25] [26] [27] .
What follows is a series of experiments that investigate the nitrogen stable-isotope dynamics of an aphid/host system, that of the green peach aphid, Myzus persicae, feeding on multiple brassicaceous hosts. First, in investigating the effect of aphid load on insect and host nitrogen stable-isotope signature, we found aphids to be depleted in 15 N relative to hosts and that aphid herbivory can alter the nitrogen stable-isotope signature of host plants. Second (Fig. S2 ), we designed a single experiment with two aphid genotypes and two aphid loads feeding on cabbage. This cabbage aphid-host interaction experiment combined the separate initial experiments on load effects into a single experiment that aimed to test the null hypothesis of no difference in δ 15 N of treatment seedlings with heavy and light aphid loads vs. control seedlings without aphids. Consistent with results from the initial experiments, we find that aphids feeding at both high and low density on cabbage are depleted in 15 N greater than 6‰ relative to their hosts (Fig. 2) . Furthermore, we find that although aphid genotype had no effect on the Δ feeding at low density was significantly more negative than that of aphids feeding at high density ( Fig. 2 ).
Aphid Herbivory Alters the δ 15 N Signature of Host Plants. At high and low density, aphid herbivory significantly increases the 15 N content of colonized plants relative to uncolonized host plants (Fig.  3A) . The effect of aphid herbivory on host nitrogen content is small but significant under conditions of heavy aphid colonization (Fig. 3B) . These results are consistent with our initial work, where we found that aphid herbivory significantly increases the 15 N content of heavily colonized cabbage and radish seedlings relative to uncolonized seedlings (Fig. S2 ).
Aphid Nitrogen Stable-Isotope Signature Is Dependent on Host Nitrogen Availability. Observations made during the initial series of experiments led us to hypothesize that the Δ 15 N of aphids is only negative when host nitrogen content is high. Furthermore, in a series of related experiments with Arabidopsis we discovered that the nitrogen content of Arabidopsis can be blindly manipulated by fertilizing each plant with a single bead of osmocote slow-release fertilizer. Thus, we designed an experiment to investigate the relationship between host-plant nitrogen content and aphid Δ 15 N. The results of this experiment demonstrate that the relationship between host-plant nitrogen content and aphid nitrogen stable-isotope signature is negative and linear (Fig. 4) . That is, when nitrogen content is low, aphid Δ 15 N is positive, but when host percentage of N is > ∼4%, aphid Δ 15 N is negative (Fig. 4) . Importantly, as illustrated by the four colored datapoints in the lower right of Fig. 4 , we found that the negative linear relationship described by the Arabidopsis data are consistent with results from the cabbage aphid-host interaction experiment (Fig.  2) . Furthermore, we find that aphid nitrogen content reflects the nitrogen content (diet quality) of host plants, such that aphids feeding at low density (blue and purple spots) have smaller C:N ratios than aphids feeding at high density (red and orange spots) (the range of C:N values for aphids feeding at low density was 4.7-7.4 and the range of C:N values for aphids at high density was 5.1-9.0). Consistent with the cabbage aphid-host interaction experiment (Fig. 3 ), control plants with unenriched aphids were significantly enriched in 15 N compared with uncolonized control plants (Fig.  5) . However, we found no difference between plants colonized by 15 N relative to their host plant irrespective of feeding density (Paired t tests: heavy load, t = −35.6, P = 0.0000; light load, t = −56.5, P = 0.0000). Aphid load significantly affected the degree of host/ aphid isotopic separation but aphid genotype had no effect (ANOVA Model: F = 26.18, P = 0.0000; aphid load: F = 49.43, P = 0.0000; aphid genotype: F = 2.93, P = 0.0953). For each genotype by load treatment n = 10. Error bars represent ± SEM.
Changes in the δ
enriched vs. unenriched aphids and no significant difference between plants colonized by enriched aphids and uncolonized control plants (Fig. 5) . Although surprising, the failure to find a difference in δ 
Discussion
Diet Quality Drives Δ
15
N Patterns in Aphid/Host Systems. Aphids feed on plant phloem sap, a diet exceptionally difficult to sample from most hosts in sufficient quantities to robustly measure nitrogen stable-isotope signatures. It is fortunate, therefore, that previous research has demonstrated that the nitrogen stable-isotope signature of plant-leaf tissue provides a reliable phloem sap proxy (8, 15) , a result we confirmed for both cabbage and radish seedlings during preliminary work for the present study (Materials and Methods).
Previous nitrogen stable-isotope studies in aphids have reported 15 N trophic enrichment (6), lack of aphid 15 N enrichment (8, 15) , and even aphid 15 N depletion (29) . In the majority of our experiments we found the Δ 15 N of M. persicae to be significantly negative ( Fig. 2 and Fig. S1 ). However, in working with genetically identical aphids feeding on prereproductive Arabidopsis plants, we found aphids to show everything from heavy depletion through to 6‰ 15 N enrichment, a surprising result that was mostly explained by host-plant nitrogen content and that was consistent with results from the cabbage aphid-host interaction experiment (Fig.  4) . The combined results of the cabbage and Arabidopsis aphidhost interaction experiments that are consistent with the weaker relationship previously described by Sagers and Goggin (15) , demonstrate that the relationship between host-plant percentage of nitrogen and isotopic separation of aphids and their host is negative and linear. Notably, this result provides insight into apparent inconsistencies in the isotopic separation of aphids and their host plants.
Aphid Herbivory Alters the δ 15 N Signature of Host Plants. The unique discovery of this study is our demonstration that aphid herbivory alters the nitrogen stable-isotope signature of host plants (Fig.  3A) . Although a large body of work focuses on the interaction of aphids and their host plants, particularly in the context of iden- tification of plant-defensive responses to aphid herbivory (30, 31) , surprisingly little is known about the effects of aphid feeding on host-plant nitrogen metabolism. Given that the effect of aphid feeding on host δ 15 N is independent of host species [both cabbage and radish heavily colonized by aphids were enriched in 15 N (Fig. S2) ], we expect this unique phenomenon to be widespread. The uniqueness of our finding comes from the fact that there are no other fluid-feeder studies that quantify the δ Plants? It is known that aphid feeding relocates nitrogen within host plants (34, 35) and reduces host nitrogen content (30) . It is also known that aphids return nitrogen in the form of proteins back to host plants during feeding (26, 27, 36) and that host-plant responses to feeding by some aphids include measureable changes in the host phloem sap amino acid profile (e.g., refs. 37, 38). We investigated two possible mechanisms that could be driving host plant 15 N enrichment in response to aphid feeding. First, we investigated the possibility that the isotopic effect of aphid colonization on host plants results from herbivore/host isotopic mass balance. Second, we investigated activity of nitrate reductase in colonized and uncolonized plants because previous studies had demonstrated that high nitrate reductase activity under substrate-limiting conditions can result in increased plant δ
N (28).
Aphid Depletion and Host-Plant Enrichment Are Uncoupled. Using an isotopic labeling experiment, we tested the hypothesis that the isotopic effect of aphid herbivory on host plants results from herbivore/host isotopic mass balance. No doubt this hypothesis may appear to some to be far-fetched; however, we set out to test it for several compelling reasons. First, as far as we are aware there is only one model of isotopic trophic-step fractionation that accounts for the common observation of fluid-feeders being depleted in 15 N relative to their hosts, and this model uses isotopic mass balance equations (39) . Second, the biology of aphid feeding results in a two-way flux of nitrogen between the insect and host plant; aphids extract nitrogen in the form of free amino acids and return nitrogen to phloem in the form of aphid proteins delivered via watery saliva (26, 27, 36) . Finally, because our ultimate goal is to determine the mechanistic basis of aphid 15 N depletion and host 15 N enrichment, we need to determine the extent to which these processes are coupled; that is, are we looking at two separate phenomena-aphid depletion and host-plant enrichment-or a single phenomenon? Within this context, the aphid-enrichment experiment clarifies two important aspects of isotopic fractionation: (i) that patterns of host-plant is the most abundant form of nitrogen available to plants that do not form associations with nitrogen-fixing microorganisms (20) (Fig. 1) . Thus, under most conditions, such plants meet their organic need for nitrogen by assimilation of nitrate. Host-plant assimilation of nitrate can result in isotopic fractionation of nitrogen because nitrate reductase, the enzyme that converts nitrate to nitrite, fractionates against 15 N (40) (Fig. 1) (Fig. S3) , a result that is consistent with previous gene-expression work in sorghum (41) .
It remains to be determined whether our observation of elevated nitrate reductase activity in aphid-colonized plants results from transcriptional or posttranslational processes (42) , and it certainly remains to be determined just how the activation of this plant response occurs. However, given that host-plant δ 15 N significantly increased in plants colonized at both high-and lowaphid density (Fig. 3A) but that only heavily colonized plants showed a small but significant decrease in nitrogen content (Fig.  3B) , we think that it is unlikely that the elevated nitrate reductase activity of aphid-colonized plants is simply a plant response to aphid reduction of plant nitrogen concentration. We are not aware of any process that might cause aphid herbivory to increase nitrate reductase activity; however, because aphids are known to directly manipulate host physiology by injection of watery saliva during feeding (27, 30, 31) , we speculate that the elevated nitrate reductase activity of aphid-colonized plants results from some specific biochemical or molecular signal injected into the host with aphid saliva.
We remain a long way from thoroughly understanding the nitrogen stable-isotope dynamics of fluid-feeder/host systems, yet the present study provides a useful opportunity to highlight the value of studying stable-isotope dynamics and ecology within a firm metabolic framework. In Fig. 1 we presented the conserved metabolic pathway for nitrogen fixation and assimilation in plants not associated with nitrogen-fixing microbes and show the point of connection between host plant and aphid nitrogen metabolism. Furthermore, within this framework we highlight the reactions that are known to fractionate nitrogen, the enzymes that are transcriptionally up-regulated in response to aphid herbivory (reviewed in ref. 43 ) and illustrate our finding that aphid feeding positively regulates nitrate reductase activity. Taking these data together, it appears that host plants (by an unknown mechanism) increase rates of nitrogen acquisition and assimilation in response to aphid feeding, which under nitrate-limiting conditions results in an increase in host plant δ 15 N.
Concluding Remarks on the Nitrogen Stable-Isotope Dynamics of
Fluid-Feeders and Their Hosts. We set out to investigate the nitrogen stable-isotope dynamics of an aphid herbivore host-plant system with the goal of beginning to elucidate the basis of variability in nitrogen fractionation in fluid-feeders relative to their diet. In this respect we offer three noteworthy insights. First, isotopic separation of aphids and their host plants depends on nitrogen availability; second, aphid herbivory alters the δ 15 N signature of host plants; and third, aphid 15 N depletion and hostplant 15 N enrichment are uncoupled processes. Although we are still far from a complete understanding of nitrogen isotope fractionation in the aphid-host system, especially with regard to the likely important role of B. aphidicola, the obligate bacterial symbiont of aphids in nitrogen isotope fractionation (18), we have made some important strides in explaining variability in aphid-host 15 N signatures and suggest that these insights may usefully inform research in other systems that show atypical patterns of stable isotope fractionation.
Materials and Methods
Details on the experimental design and sampling of the cabbage and Arabidopsis aphid-host interaction experiments, isotopic enrichment experiment, and nitrate reductase experiment are provided in SI Materials and Methods.
Stable-Isotope Analysis. Isotope ratio mass spectrometry was performed on multiple whole aphids and ∼3 mg of ground leaf tissue. Samples were encapsulated in crushed tin cups (5 × 8 mm; Elementar America) and loaded into an elemental analyzer (Eurovector) connected to an Isoprime stable isotope mass spectrometer (Elementar). Upon pyrolysis in the elemental analyzer, the nitrogen and carbon dioxide gasses were separated by gas chromatography and directed to the mass spectrometer for analyses of nitrogen and carbon isotope ratios. Isotope ratios are expressed as δ C of the samples and the vPDB standard, respectively, in the case of carbon. The precision of analysis was ± 0.1‰ for both elements.
In preliminary experiments, we found that the δ 15 N values of cabbage and radish leaves did not differ significantly from phloem sap (aphid diet): F = 0.57, P > 0.50, a result consistent with two earlier aphid/host studies (8, 15) . Having established that leaf tissue provides a reliable proxy for phloem sap in measuring nitrogen stable-isotope ratios, and because of the technical challenges of obtaining sufficient phloem sap for stable isotope analysis, here we measure leaf δ 15 N and use it as a phloem δ 15 N proxy (15) .
Data Analysis. Before analysis, dependent variables were tested for normality and homogeneity of variance. All statistical tests were implemented in STATA 10.0. Full details can be found in the SI Materials and Methods.
